High purity carbon nanotubes are synthesized by methane decomposition using an arc-jet plasma of high temperature (5000-20000 K). Since the arc-jet plasma process is continuous and easily scalable, it is a promising technique for the large-scale commercial production of carbon nanotubes. In this experimental work, the arc-jet plasma is generated by a dc non-transferred plasma torch, in which a mixture of argon and hydrogen is used as a plasma forming gas and nickel powder as a metal precursor.
INTRODUCTION
Carbon nanotubes (CNTs) are regarded as a powerful material for various applications in the nano-technology field because of their unique properties. An arc discharge method has been widely used for the CNTs synthesis since it can produce highly crystallized CNTs by high temperature ambient (about 5000 K) [1, 2] . However, it is still difficult to adapt the conventional arc discharge method to commercial use because of its drawbacks of poor purity synthesis and non-continuous process.
Especially the non-continuous process stems from the limited lifetime of the consumable graphite electrode used as a carbon source and the deposit of the product on the reactor inner wall. In other words, the non-continuous synthesis process has to have a shutdown period of operations to reload a new graphite electrode and collect the product in a vacuum destruction phase.
Recently we have reported a continuous synthesis technique of CNTs without a process shutdown by decomposition of methane (CH 4 ) using an arc-jet plasma [3] . In this technique, CNTs are produced in a floating condition by introducing CH 4 and metal precursor into the arc-jet flame, which has thermal plasma properties of high temperature (5000-20000 K) and high velocity (100-1000 m/s) [4, 5] . CH 4 is directly converted into solid carbon containing CNTs in the hot plasma zone by the following decomposition reaction: CH 4 (gas) ® C (solid) + 2H 2 (gas) Hydrogen as a new synthetic fuel is additionally obtained in this process.
In this work, the arc-jet plasma process is optimized for high purity synthesis of CNTs. We present the effects of processing conditions, such as torch nozzle diameter, hydrogen gas mixing and CH 4 flow rate, on the synthesis of CNTs using this arc-jet plasma method. The material analyses of the soot obtained under the various process conditions are performed by using scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy and thermogravimetric analysis (TGA) to investigate morphology, crystallization degree and purity of the CNTs in the soot. The thermal plasma characteristics for the growth of CNTs are discussed from numerical simulation results of the arc-jet plasma.
EXPERIMENAL
The experiment system for the CNTs synthesis mainly consists of a dc plasma torch, injectors of reactant gas and catalyst and a collection tube. A schematic diagram of the system is shown in Fig. 1 . The arc-jet plasma is generated by the dc plasma torch, which has a cathode of 12-mm diameter and 60 • conical angle, and an anode of 7-mm or 9-mm inner diameter. Pure argon or a mixture of argon and hydrogen is used as a plasma gas.
Argon flow rate is fixed with 25 slpm and hydrogen flow rate is varied in the range of 0- 
RESULTS AND DISCUSSION
A two-dimensional numerical simulation for the arc-jet plasma used for the synthesis is conducted in order to understand the thermal flow characteristics of arc-jet thermal plasma and investigate the effects of operating conditions on the characteristics. This simulation is based on a thermal plasma model used generally for description of the arcjet plasma [7, 8] . Figure 2 shows the calculated results for the typical temperature and velocity distributions of the arc-jet plasma. It is seen that the arc-jet flame with high temperature of about 10000 K and high velocity of about 300 m/s is blown out at the torch exit. Both of the plasma temperature and velocity rapidly decrease with increasing the distance in the axial direction.
The effects of anode diameter and hydrogen mixing for forming an argon-hydrogen mixture plasma on the plasma characteristics are shown in Fig. 3 . From the simulation results, it is found that the hydrogen gas mixing and the anode diameter play an important role in the profile control of plasma temperature and velocity. When 1-slpm hydrogen gas is mixed with argon plasma gas, the high temperature region of the jet flow is noticeably expanded toward the axial direction compared with no hydrogen mixing. The plasma velocity increases a little when hydrogen gas is added. On the other hand, in the case of larger diameter anode of 9 mm, the plasma velocity considerably reduces from that of the case of 7-mm anode diameter, but the temperature dose not decrease appreciably.
Some raw soot is obtained from the collection tube after the synthesis process, and the CNTs are eventually found in the soot through its material analyses, which are conducted without a purification process. Figure 4 shows SEM images of the raw-soot produced with 2-slpm CH 4 and 9-mm inner diameter of the anode at the different H 2 flow rates of 0, 1, and 3 slpm, respectively. As seen in Fig. 4(a) , CNTs are hardly found in the case that hydrogen is not mixed as a part of plasma gas. However, in Fig. 4(b) , lots of CNTs are produced when 1-slpm hydrogen is mixed with argon. In the latter case, it is measured that the arc voltage is increased by 1.5 times compared with the former case at the same arc current of 350 A, which means that the input electric power into the arc-jet plasma accordingly increases. As shown previously in the numerical results, the hydrogen gas mixing largely elevates the plasma temperature. In addition, the hydrogen gas mixing increases thermal conductivity of the high temperature gas. When hydrogen is not mixed with argon, catalytic nickel particles of large size are observed in the SEM image. But, when 1-slpm hydrogen is mixed with argon, they are not found in the image. Therefore, it is concluded from this observation that a high-temperature and high-enthalpy plasma produced by addition of hydrogen is required for CNTs production since in a pure argon plasma, the catalytic nickel powder does not evaporate sufficiently to form nano-sized metal particles, which is essential for the growth of CNTs.
But, in Fig. 4 (c) for 3-slpm hydrogen, the fraction of CNTs in the soot is reduced again when an excessive hydrogen gas is mixed. In this case, the arc-jet plasma is unstable and the CNTs growth appears to be disturbed by plasma instability caused by the excessive hydrogen mixing. It is well known that a hydrogen gas mixing in the nontransferred-type plasma torch causes an arc fluctuation by re-strike motion inner the nozzle [9] . This result indicates that the plasma stability plays an important role in the high purity synthesis of CNTs. by decomposition of CH 4 to provide the sufficiently high temperature and enthalpy of the plasma using the arc-jet plasma torch during the synthesis process. Figure 6 shows the SEM image of a sample produced in the condition with 7-mm anode inner diameter, 1-slpm hydrogen and 2-slpm CH 4. It is observed that the fraction of CNTs in the soot becomes lower than in the case of 9-mm anode diameter. It is noticed in Fig. 3 for the numerical simulation that the 7-mm anode diameter raises the plasma velocity. Hence, the plasma velocity seems to affect the CNTs growth in the synthesis process using the arc-jet plasma. Because an enough reaction time is required for the growth of CNTs during their axial flight along the jet flame, it is considered that lower plasma jet velocity enhances the CNTs production Figure 7 shows typical TEM images of the soot produced by the arc-jet plasma method for the case of 1-3 slpm hydrogen, 9-mm anode diameter and 2-slpm CH 4 . In Fig. 7(b) . From the high magnification image for the raw soot, we have found that the CNTs characterized by hollow inner space were obviously produced in our method. Figure 8 presents a TGA graph of the raw-soot, which contains the most CNTs produced with the processing condition of 2-slpm hydrogen, 9-mm anode diameter and 1-slpm CH 4 . In this figure, the bold and dash lines correspond to TG and DTG,
respectively. This graph indicates that a residual weight of the soot is about 0.82, which is contributed mainly from nickel particles. This implies that the conversion efficient of CH 4 into the solid carbon soot is still not high.
It is also observed from this figure that an initial burning temperature of the raw-soot is about 480 o C and that there is nearly one stepwise weight loss which can be assigned to multi-wall CNTs. Conventionally, the other DTG peak assigned to amorphous carbon is observed around 400 o C. DTG is known as a common method used for quantitative analysis, and the content of each species can be determined from its peak area in DTG.
Thus the yield of CNTs in the optimal processing condition is estimated as over 90 % in the soot produced by this arc-jet plasma method. This indicates that the high purity synthesis of CNTs is achievable by decomposition of CH 4 using the arc-jet plasma. Figure 9 is the typical Raman spectra of the raw-soot produced under the condition of 1-slpm hydrogen and 1-slpm methane. This spectral curve is recorded at room temperature using an excitation wavelength of 514.5 nm. In the high-frequency range from 1200 to 1700 cm -1 , two peaks are observed at 1354 and 1583 cm -1 . A peak at 1354 cm -1 corresponds to a disorder-induced phonon mode (D-band), and a peak at 1583 cm -1 can be assigned to a Raman-allowed phonon mode (G-band). It is known that the intensity ratio, G/D, indicates the crystallization degree of grown CNTs. Figure 9 shows that the intensity of G band is a bit higher than that of D band. Generally, it is known that the ratio is very high in the arc discharge method, while low in the catalytic pyrolysis method. According to Fig. 9 for the present arc-jet plasma synthesis, the crystallization degree of CNTs is low compared with that by the conventional arc discharge method. Although our method is regarded as a high temperature process like the arc discharge, the crystallization degree of the CNTs produced here is unexpectedly low. The reason of this poor crystallization is attributed to the CNTs growth in a low temperature region below 2000 K, because the temperature and velocity of the arc-jet plasma rapidly decrease along the axial direction at the torch exit as seen in the numerical simulation of Fig. 2 . Therefore, further intensive research is required for increasing the crystallization degree of grown CNTs.
CONCULUSION
For high purity production of CNTs in this experimental work, we have optimized the synthesis process by decomposition of CH 4 using the arc-jet plasma. From the experimental study performed under the various operating conditions, it has been found that the fraction of CNTs in the soot considerably increases by mixing of hydrogen properly with argon as a mixture plasma gas, and that the excessive flow rate of CH 4 reduces the purity of CNTs in the soot. Also, CNTs are more abundantly produced in the condition of larger inner diameter of the anode. By the numerical investigations on the effects of operating conditions on the thermal flow characteristics of the arc-jet plasma, higher plasma temperature and lower jet velocity enhance the CNTs growth in the arcjet plasma method.
It has been observed from the TEM images that CNTs are produced typically with diameters of 30-60 nm and lengths of longer than 1 μm. The high purity CNTs produced by this method in the optimal condition have the weight purity of over 90% and the crystallization degree still lower than that of the conventional arc discharge method. 
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